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Abstract 

Background: Connexin 43 (Cx43), the most widely expressed gap junction protein, is associated with a number 
of physiological and pathological conditions. Many functions of Cx43 have been shown to be independent of 
gap junction formation and only require the expression of Cx43 C-terminal fragments. Recent evidence demonstrated 
that naturally occurring C-terminal isoforms can be generated via internal translation. 

Findings: Here, we confirm that C-terminal domains of Cx43, particularly the major 20-kDa isoform, can be independently 
generated and regulated by internal translation of the same single GJA1 gene transcript that encodes full-length Cx43. 
Through direct RNA transfection experiments, we provide evidence that internal translation is not due to a bona fide 
cap-independent IRES-mediated mechanism, as upstream ribosomal scanning or translation is required. In addition to 
the mTOR pathway, we show for the first time, using both inhibitors and cells from knockout mice, that the Mnk1/2 
pathway regulates the translation of the main 20-kDa isoform. 

Conclusions: Internal translation of the Cx43 transcript occurs but is not cap-independent and requires translation 
upstream of the internal start codon. In addition to the PI3K/AKT/mT0R pathway, the major 20-kDa isoform is regulated by 
the Mnk1/2 pathway. Our results have major implications for past and future studies describing gap junction-independent 
functions of Cx43 in cancer and other pathological conditions. This study provides further clues to the signalling 
pathways that regulate internal mRNA translation, an emerging mechanism that allows for increased protein diversity 
and functional complexity from a single mRNA transcript. 
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Findings 

Gap junctional intercellular communication, which al- 
lows the exchange of small ions and messengers between 
cells, is crucial for tissue development and homeostasis 
[1,2]. Connexin 43 (Cx43) — the most widely expressed 
gap junction protein — is associated with a number of 
pathological conditions, including cardiac, skin, neuro- 
logical conditions, as well as developmental disorders 
and cancer [2]. 

Numerous studies have demonstrated that Cx43 has 
several junction-independent functions, many of which 
can be attributed solely to the C-terminus. For example, 
the Cx43 C-terminus has been shown to mediate neuro- 
protection during stroke [3], to negatively modulate 
neuronal differentiation [4], to augment p38-mediated 
cell migration [5], and to regulate cytoskeletal changes 
in glioma cells [6]. A naturally occurring cytoplasmic 
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C-terminal fragment of Cx43, -20 kDa in size, has been 
described and characterized in cultured murine and 
hamster cells and after Cx43 overexpression in human 
HeLa cells [7]. Others have also reported Cx43 immuno- 
reactive bands of -20 kDa, such as in glioma cells [8] 
and in neonatal rat heart myofibroblasts [9]. A 20-kDa 
Cx43 immunoreactive band is also clearly detected in zeb- 
rafish heart 48 hours postfertilization [10], and the authors 
also noted an ~30-kDa band in zebrafish ovaries. Indeed, 
bands at 30-32 kDa have been reported in various tissues, 
including the rat retina, heart, and brain [11,12]. 

From the large amount of literature supporting gap 
junction-independent functions of Cx43, usually through 
the C-terminus alone, and because an immunoreactive 
band(s) of -20 kDa in size can occur naturally, we 
sought to elucidate how this fragment(s) can be pro- 
duced and modulated. Recently, Smyth and Shaw [13] 
provided excellent evidence that internal translation of 
the GJA1 gene transcript produces the 20-kDa fragment 
"GJAl-20k" (and, to a lesser extent, other fragments be- 
tween 26 and 32 kDa in size). Here, we describe our 
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similar findings in this context, confirming the recent re- 
port as well as adding new evidence to the mechanism 
of translation and the mode of regulation. 

Internal translation 

We have expanded upon the previous observations of a 
20-kDa band derived from the Cx43 gene GJA1 and cor- 
responding to the Cx43 C-terminus (GJAl-20k) [7,13]. 
With antibodies targeting the last 20 amino acids of the 
Cx43 C-terminal tail (see Additional file 1: Methods and 
Additional file 2: Figure SI), we detect GJAl-20k in a 
wide variety of cell lines derived from different cancers 
including cervical cancer (C33a), lung cancer (A549 and 
Hop-62), breast cancer (BT-549 and MDA-MB-231), 
endometrial adenocarcinoma (Ishikawa), and mouse em- 
bryonic carcinoma (NF-1) (Figures la and 2b). Indeed, 
we are able to detect GJAl-20k in any cell line express- 
ing full-length Cx43 (GJAl-43k), although, as seen in 
Figure la, the GJAl-20k to GJAl-43k ratio varies 



significantly. Moreover, we easily detect GJAl-20k in 
primary cells, including mouse embryonic fibroblasts, 
human mesenchymal fibroblasts, and epithelial foreskin 
keratinocytes (Figure la; see also Figure 2c-d, and 
Additional file 3: Figure S2A). 

The specificity of the 20-kDa fragment and its correl- 
ation to Cx43 has previously been confirmed using vari- 
ous antibodies, siRNA-mediated knockdown, and Cx43/ 
GJA1 knockout mice [7,13]. Indeed, correlated coregula- 
tion of GJAl-43k and -20k is observed in various set- 
tings; for example, reduced levels of both isoforms occur 
in primary human keratinocytes subjected to calcium- 
induced differentiation (Additional file 3: Figure S2A). 
As expected, we also observed a loss of both GJAl-43k 
and GJAl-20k after highly specific esiRNA-mediated 
knockdown (endoribonuclease-prepared siRNAs) of GJA1 
(Figure lb and Additional file 3: Figure S2B). Additionally, 
as Cx43 has been shown to be translationally regulated 
by microRNAs (in vivo, with biological meaning), we 
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Figure 1 Expression of the 20-kDa isoform is common and due to cap-dependent internal translation, (a) Analysis of various cell lines 
and primary cells confirms the frequent existence of a 20-kDa isoform of Cx43 (GJA1-20k), which includes cervical cancer cells (C33a), mouse 
embryonic carcinoma cells (NF-1), endometrial cancer cells (Ishikawa), breast cancer cells (BT-549), mouse embryonic fibroblasts (MEFs), lung 
cancer cells (A549, Hop-62), and primary human fibroblasts (HFs). (b) Knockdown of Cx43 with esiRNA, or by microRNA-1 or -206, shows the 
concomitant regulation of full-length Cx43 (GJA1-43k) and the GJA1-20k isoform in lung A549 cancer cells, (c) Transfection of Cx43-negative 
HeLa cells with Cx43 RNA leads to the generation of both full-length GJA1-43k and the GJA1-20k isoform. RNA lacking the 5' guanosine methyla- 
tion (CAP), required for standard translation initiation, completely prevents both wild-type (Wt) Cx43 and internal 20-kDa fragment translation. A 
frameshift (FS) mutation shortly after the Cx43 AUG codon also significantly reduces internal translation, although a 20-kDa band is detected 
with a very long exposure time (saturating GJA1-43k). (d) Transfection of capped RNA containing a HP7 hairpin loop, preventing cap-dependent 
ribosomal scanning and translation, completely blocks both GJA1-43k and GJA1-20k expression whereas cap-independent translation of EGFP via 
the EMCV IRES is maintained (both anti-GFP-HRP and anti-Cx43 antibodies are included in this blot). 
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Figure 2 Mnkl/2-mediated regulation of internal translation, (a) HeLa cells stably expressing Cx43-GFP (70 kDa) show an induction of 
GJA1-20k (20 kDa + 27 kDa GFP = 47 kDa) upon mTOR pathway inhibition with rapamycin (RM). Inhibition of Mnk1/2 with CGP 57380 (CGP) 
also induces internal translation and the effect is additive upon combining CGP and RM. Inhibition of the upstream EGFR pathway with erlotinib 
(Eb) modestly induces internal translation in HeLa cells, (b) CGP also induces 20-kDa fragment expression in MDA-MB-231 cells, (c) The Mnk1/2 
inhibitor CGP efficiently induces GJA1-20k expression levels in primary human fibroblasts (HFs) and mouse embryonic fibroblasts (MEFs). (d) 
Mnk1/2 knockout mouse embryonic fibroblasts (MEFs) have constitutively significantly higher levels of the GJA1-20k isoform than wild-type cells. 
The lack of S209-phosphorylated elF4E confirms the efficient inhibition of Mnk1/2 with both CGP-treated cells and in Mnk1/2 knockout cells. 



transfected cells with microRNA-1 and -206 mimics 
known to target Cx43 [14-16]. We observed significant 
knockdown of both GJAl-43k and GJAl-20k in lung 
A549 cells (Figure lb) as well as in breast BT-549 cells 
(Additional file 3: Figure S2B). This result suggests that any 
putative smaller isoforms of Cx43 are also likely to be regu- 
lated by microRNAs in vivo. It is worth noting, however, 
that, unlike esiRNA-mediated knockdown, microRNAs 
mimics appeared more efficient at repressing the expression 
of GJAl-43k than GJA1-20L It will be interesting to study 
this observation further as knowledge of microRNA- 
mediated translational repression expands. 

As full-length Cx43 stems from a single coding exon 
of the Cx43 gene GJA1, we hypothesized that generation 
of the 20-kDa fragment was due to internal translation 
initiating at AUG nucleotides 637-639 (amino acid 
M213, predicted molecular weight 18.53 kDa), which are 
highly conserved in vertebrates, including mammals, 
birds, and zebrafish (Additional file 2: Figure SI). Indeed, 



the internal translation hypothesis was recently elegantly 
confirmed by Smyth and Shaw using multiple ap- 
proaches [13]. Our experiments provide additional data 
that support these key conclusions. We generated RNA 
of the Cx43 coding region in vitro and transfected 
Cx43-negative HeLa cells directly with this RNA. Direct 
transfection of Cx43 RNA avoids possible nuclear modi- 
fications such as splicing or alternative cryptic promoter 
usage. We observed a strong expression of Cx43 protein 
with nearly equal amounts of the 20-kDa immunoreac- 
tive band (Figure lc), consistent with previous observa- 
tions [13]. Smyth and Shaw have already ruled out 
protein degradation as a source of GJAl-20k by various 
means, such as by mutating the AUG start codon of full- 
length Cx43, which caused an even higher level of the 
alternative isoforms (including the 20-kDa fragment) in 
the absence of any full-length Cx43 (GJAl-43k) [13]. 

Smyth and Shaw [13] suggested that the internal trans- 
lation was cap-independent, possibly due to the presence 
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of one or more internal ribosome entry site (IRES) se- 
quences that can mediate direct ribosomal entry and 
translation. Indeed, Cx43 has also been reported to con- 
tain an IRES sequence in the 5'UTR regulating full- 
length Cx43 translation [17]. However, various models 
of IRES translation exist and the mechanisms for 
eukaryotic genes remain controversial [18]. Three of our 
approaches suggest a slightly different explanation from 
that of Smyth and Shaw, involving cap-dependent ribo- 
somal scanning or active upstream translation as a re- 
quirement to allow internal translation of GJA1. We 
transfected HeLa cells with RNA lacking the 5'-methyl- 
guanosine cap modification, m(7)G, which is required 
for eIF4E binding and standard cap-dependent mRNA 
translation [19]. Internal translation via a bona fide IRES 
sequence does not require cap-dependent translation 
and mRNA capping. As expected, we did not detect any 
cap-independent translation of full-length Cx43 protein 
when transfecting with RNA lacking the m(7)G cap. 
Unexpectedly, neither did we detect any cap-independ- 
ent internally translated 20-kDa fragment (Figure lc). 
However, this may have partially been due to RNA deg- 
radation of our RNA (since, by Q-PCR, we observe 
an approximate 40% reduction using uncapped versus 
capped RNA, Additional file 3: Figure S2C). To ensure 
that our observation was not due to degraded mRNA, or 
indeed due to uncapped RNA being stored in vesicles 
unable to initiate translation as reported after liposomal 
mRNA transfection [20], we used two alternative ap- 
proaches to validate our hypothesis. 

Firstly, we generated a Cx43 frameshift (FS) mutation 
that prevents the generation of full-length Cx43. For 
this approach, we took advantage of a naturally existing 
EcoNI site located only 30 base pairs after the full- 
length Cx43 AUG start codon. By cutting with EcoNI, 
removing the base pair overhangs using mung bean nu- 
clease, followed by blunt-end ligation, we introduced a 
single base pair deletion to cause a FS mutation in Cx43 
(see Additional file 1: Methods and Additional file 2: 
Figure SI). This FS-GJA1 mutation leads to a change 
in the amino acid (aa) sequence from aal2 onwards, 
followed by seven premature stop codons (between aa99 
and aal81) before the putative 20-kDa AUG at aaM213 
(see Additional file 2: Figure SI). We transfected Cx43 
containing the FS mutation into Cx43-negative HeLa 
cells. Full-length GJAl-43k was not detectable (as ex- 
pected). Furthermore, only a small amount of GJAl-20k 
was observed (again only from capped mRNA), and only 
after very long exposure of the blot (Figure lc). In this 
respect, Smyth and Shaw performed a similar experi- 
ment by introducing three consecutive stop codons 
(at aal77-179) close to the 20-kDa M213 initiation site 
[13]. Again, significantly less GJAl-20k is generated 
compared to wild- type Cx43. Our FS-stop construct 



appears to inhibit GJAl-20k expression more efficiently 
however. This may be due to earlier termination (aa99) 
of Cx43 translation, although this remains speculative 
since the mechanism internal translation initiation re- 
mains unknown. Indeed, internal translation, particularly 
of mammalian genes, is complex, varied, and poorly elu- 
cidated [18], and therefore these putative novel observa- 
tions will require extensive further studies. 

Secondly, to further validate our findings that internal 
translation is dependent on a functional cap, ribosomal 
scanning or GJAl-43k translation, we inserted a highly 
stable hairpin (HP7) into the 5'UTR (AG = -61 kcal/ 
mol; see Additional file 1: Methods and Additional file 2: 
Figure SI), previously described to efficiently prevent ribo- 
somal scanning and cap-dependent translation [21,22]. 
Additionally, to generate a control readout of cap- 
independent translation within the same transcript, we 
inserted (downstream of Cx43) both the encephalomyocar- 
ditis virus (EMCV) IRES sequence plus an enhanced green 
fluorescent protein (EGFP) reporter. We generated capped 
RNA and transfected HeLa cells as before. As seen in 
Figure Id, the HP7 hairpin efficiently blocks both GJA1- 
43k and -20k translation. Cap-independent EGFP transla- 
tion from a viral IRES sequence— present in the same RNA 
transcript— is maintained however, as visualized in the 
same blot when including anti-GFP-HRP (Figure 2d). 

Taken together, these results (using no cap, a FS muta- 
tion, or a stable hairpin blocking ribosomal scanning but 
not viral IRES activity), strongly suggest that unlike typ- 
ical IRES sequences (e.g., EMCV), internal GJA1 transla- 
tion is not mediated through a bona fide IRES sequence 
alone, and the presence of an intact classical 5' methyl- 
ated cap structure appears to be required. Furthermore, 
in addition to capped RNA, upstream active translation 
or ribosomal scanning (in a situation when Ml AUG is 
deleted) is required for efficient internal translation. We 
also conclude that this result is unlikely to be due to 
leaky ribosomal scanning of the Ml start codon, as the 
FS mutation in that setting would not be expected to 
have reduced GJAl-20k expression. These observations 
provide novel alternative insight into the various emer- 
ging concepts of mRNA translation that require further 
investigation [18]. 

Translational regulation 

We tested various pathways known to regulate mRNA 
translation. Through retroviral infections, we generated 
HeLa cell clones stably overexpressing chimeric Cx43- 
GFP (Figure 2a). In this system, we observed an increased 
GJAl-20k expression (20 kDa + 27 kDa GFP = 47 kDa) 
when inhibiting the mTOR pathway with rapamycin 
(Figure 2a), consistent with the report of Smyth and Shaw 
who used the mTOR inhibitor PP242 [13]. Moreover, in- 
hibition of the Mnkl/2 kinases (MAP kinase-interacting 
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serine/threonine-protein kinases 1/2) with the drug CGP 
57380 also increased GJAl-20k expression, which was 
additive in combination with mTOR inhibition (Figure 2a). 
We also observed a strong induction of endogenous 
GJAl-20k in some cell lines, such as the breast cancer cell 
line MDA-MB-231, after Mnkl/2 inhibition by CGP 
57380 (Figure 2b). Many tumours and cell lines have acti- 
vated Mnkl/2 signalling as well as cytoplasmic Cx43 
expression, and it will be of interest to explore whether in- 
hibition of Mnkl/2 in a cancer setting induces GJAl-20k 
expression, thereby enhancing the membrane targeting of 
full-length Cx43, as already indicated after mTOR inhib- 
ition by Smyth and Shaw [13]. Increased membrane tar- 
geting may also explain why we see some increase in the 
stability of the full-length Cx43 protein, although we can- 
not exclude that Mnkl/2 and mTOR also regulate GJA1- 
43k expression directly and independently of GJAl-20k. 
Finally, as the EGFR pathway is frequently activated in 
cancers and can activate both mTOR and Mnkl, we 
treated cells with the EGFR inhibitor erlotinib. There was 
a modest increase after overnight treatment with 10 \iM 
erlotinib (although a lower dose of 1 \iM did not seem to 
be effective) (Figure 2a), indicating that the EGFR pathway 
and the linked PI3K/Akt pathway [13], both upstream of 
Mnkl/2, are important for the translational control of 
Cx43. In summary, these data demonstrate that several 
signalling pathways, including EGFR, Mnkl (downstream 
of EGFR), and mTOR, can regulate the translation of 
GJA1-20L 

We also tested whether inhibition of Mnkl/2 regulated 
GJAl-20k expression in primary cells. Indeed there was 
a clear and significant increase in the amount of the 
20-kDa fragment in both primary human fibroblasts and 
mouse embryonic fibroblasts treated with the Mnkl/2 
inhibitor CGP 57380 (Figure 2c). 

Mnkl/2 phosphorylates the translation initiation factor 
eIF4E [23], which is also regulated by mTOR (via 4EBP1) 
and is a rate-limiting factor for cap-dependent protein 
translation [24]. Mnkl/2 inhibition by CGP 57338 or 
through Mnkl/2 KO [23] does not affect total eIF4E ex- 
pression as we [25] and others have consistently reported. 
In our study we also confirmed the previously reported 
complete block of eIF4E phosphorylation under these 
conditions (Figure 2b-d). How phospho-eIF4E regulates 
translation however, is controversial and still not well elu- 
cidated, but our study provides a useful new model to 
solve some of the outstanding questions. Accordingly, we 
are currently investigating whether eIF4E, an oncoprotein 
often overexpressed in cancer, is directly involved in the 
control of internal Cx43 translation. Cx43 does not seem 
to be particularly sensitive to eIF4E (nor mTOR nor 
Mnkl/2) as knocking down the cap-binding protein eIF4E 
(moderately) by siRNA does not strongly affect its expres- 
sion levels although a modest reduction of GJAl-43k, and 



particularly of GJAl-20k, is observed (Additional file 3: 
Figure S2D). This result further supports the idea that 
GJAl-20k translation is cap-dependent, although the exact 
mechanism remains to be elucidated, as discussed above. 

Finally, to conclusively link Mnkl/2 with Cx43 transla- 
tion and to exclude potential nonspecific effects of the 
kinase inhibitor CGP 57380, we obtained mouse embry- 
onic fibroblasts from Mnkl/2 knockout mice [23]. As 
with CGP 57380 treated cells, we observed an increase 
in GJAl-20k expression in knockout cells compared 
with wild-type cells (Figure 2d), conclusively demon- 
strating that this pathway regulates the ratio between 
full-length Cx43 and the 20-kDa isoform. 

In conclusion, we show that GJAl-20k (corresponding 
to the Cx43 C-terminus) is present in a wide variety of 
cell lines as well as in primary human cells, and is pro- 
duced through internal translation in a manner that is 
dependent on m7G-capping, ribosomal scanning and 
(at least to some extent) translation of full length Cx43. 
We show using inhibitors and cells from knockout 
mice that the Mnkl/2 kinase pathway, responsible for 
the phosphorylation of the translation initiation factor 
eIF4E, also regulates internal translation of the Cx43 
transcript. It should be noted that our drug treatments 
do not lead to a reduction in full-length Cx43 due to re- 
duced cap-dependent translation per se, as translation of 
only some transcripts are sensitive to these pathways. 
Finally, our RNA transfection studies suggest that there 
is no bona fide IRES element acting "independently", 
since upstream translation, or scanning (when mutating 
the GJA1 Ml start codon [13]), appears to significantly 
aid internal translation. The exact underlying mechan- 
ism will be a fascinating future research topic. Further 
investigation into the regulation of the GJAl-43k/-20k 
ratio in vitro and in vivo, together with the elucidation 
of the exact functional consequences of this fragment, is 
warranted. This research will broaden our understanding 
of the gap junction-dependent and -independent func- 
tions of GJA1/Cx43 and the intricate mechanisms that 
allow protein diversity from a single mRNA transcript. 



Additional files 



Additional file 1: Supplementary Methods. 

Additional file 2: Figure SI. Translation of the GJA1 transcript. 
Diagram illustrating the Cx43 mRNA encoded from GJA1. The frameshift 
(FS) mutation at amino acid 12 leads to seven putative stop codons 
(at aa99, 106, 127, 132, 145, 171, 181) before the translation initiation site 
of GJA1-20k at aaM213. Other putative start codons are also indicated. 
The sequence surrounding the GJA1-20k start codon is indicated in 
various species down to zebrafish, indicating a highly conserved region. 
The protein products of GJA1-43k (with a four-transmembrane topology) 
and GJA1-20k are indicated. GJA1-20k is, relative to full-length Cx43 
topology, thought to initiate inside the fourth transmembrane region. 
The location of the HP7 hairpin to block ribosomal scanning, a putative 
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area for internal IRES sequence, and the C-terminal antibody binding 
region are indicated. 

Additional file 3: Figure S2. Additional evidence for the concomitant 
regulation of GJA1-43k and GJA1-20k. (A) Primary human keratinocytes 
cultured in low calcium and in high calcium to stimulate differentiation 
(as measured by the differentiation marker involucrin) show concomitant 
regulation of Cx43 (GJA1-43k) and GJA1-20k. (B) Knockdown of Cx43 with 
esiRNA, or by microRNA-1 or -206, shows the concomitant regulation of 
full-length Cx43 GJA1-43k and the GJA1-20k isoform in lung BT-549 
breast cancer cells. (C) Q-PCR indicates a moderate reduction in GJA1 
transcript abundance of around 40% comparing of uncapped versus 
capped RNA. (D) siRNA-mediated knockdown of elF4E leads to a 
moderate reduction in GJA1-43k and GJA1-20k levels in A-549. 
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